ABSTRACT. Through the detection of surface deformation in response to water movement, recent satellite studies have demonstrated the existence of subglacial lakes in Antarctica that fill and drain on timescales of months to years. These studies, however, were confined to specific regions of the ice sheet. Here we present the first comprehensive study of these 'active' lakes for the Antarctic ice sheet north of 868 S, based on 4.5 years (2003-08) of NASA's Ice, Cloud and land Elevation Satellite (ICESat) laser altimeter data. Our analysis has detected 124 lakes that were active during this period, and we estimate volume changes for each lake. The ICESat-detected lakes are prevalent in coastal Antarctica, and are present under most of the largest ice-stream catchments. Lakes sometimes appear to transfer water from one to another, but also often exchange water with distributed sources undetectable by ICESat, suggesting that the lakes may provide water to or withdraw water from the hydrologic systems that lubricate glacier flow. Thus, these reservoirs may contribute pulses of water to produce rapid temporal changes in glacier speeds, but also may withdraw water at other times to slow flow.
INTRODUCTION
Most of our knowledge of subglacial lakes in Antarctica has come from ice-penetrating radio-echo sounding (RES) surveys since the 1950s (Robin and others, 1970) . The most recent subglacial lake inventory reported 145 lakes (Siegert and others, 2005) ; however, more than 130 have been added since then (Siegert and others, 2005; Bell and others, 2007; Carter and others, 2007; Popov and Masolov, 2007) , and at the time of writing there are~280 subglacial lakes that have been identified using RES, the majority of these under the plateau of the East Antarctic ice sheet.
It has long been known that the dynamics of much of the Antarctic ice sheet is largely controlled by meltwater at the ice-sheet bed (Budd and others, 1984) . The configuration of many large outlet glacier systems is known to depend on the presence of water-saturated sediments (Studinger and others, 2001) , which can reduce the basal shear stress from frozen-bed values (~100 kPa) to values which permit rapid ice flow at low driving stresses (~20 kPa) (Kamb, 2001) . Likewise, changes in water pressure and volume can lead to changes in basal lubrication. This has been observed in mountain glaciers, where the accumulation of large volumes of water drives surges during which surface velocities briefly increase by an order of magnitude or more (e.g. Kamb and others, 1985) , and where episodic and seasonal water inputs can also modulate ice-flow rates (Harper and others, 2007) . Seasonal acceleration resulting from surface meltwater reaching the bed has also been observed on the Greenland ice sheet (Zwally and others, 2002; Howat and others, 2008; Joughin and others, 2008) . The movement of water beneath ice sheets is one of the few processes that can drive large changes in outlet glacier speeds on short timescales (Truffer and Fahnestock, 2007) . Conversely, reduced amounts of subglacial water can lead to lower flow speeds; indeed, re-routing of subglacial water flow has been proposed as a cause of the late-19th-century stagnation of the trunk of Kamb Ice Stream, West Antarctica (Anandakrishnan and Alley, 1997) .
In Antarctica, where surface melt is rare and the ice-sheet bed is insulated from surface temperature changes by the thick ice cover, subglacial water flow was, until recently, thought to be steady and subglacial hydrology was understood to evolve principally in response to changes in (1) pressure gradients resulting from ice-thickness changes (e.g. Anandakrishnan and Alley, 1997) , and (2) water production due to changes in basal sliding speeds and ice thickness (e.g. Bougamont and others, 2003a) . These mechanisms were thought to have produced changes in ice-flow configuration over decades (e.g. Joughin and others, 2005) , but were not expected to result in abrupt ice-flow changes. The recent discovery of active subglacial lakes in Antarctica (Gray and others, 2005; Wingham and others, 2006; Fricker and others, 2007) has changed our conceptual understanding of the ice sheet's subglacial hydrological system. Large subglacial reservoirs have been found under ice streams and outlet glaciers through detection of vertical motion of the ice-sheet surface in response to subglacial water motion, and the lake volumes have been found to change on annual or shorter timescales. The largest of these, 'Subglacial Lake Engelhardt', was about 30 km long and 10 km wide, and was revealed in repeat-track Ice, Cloud and land Elevation Satellite (ICESat) laser altimeter data, by an ice surface draw-down of 9 m over almost 3 years, releasing a flood of~2.0 km 3 of water (Fricker and others, 2007) . These relatively abrupt changes in water volume at the bed may provide a temporally variable source of water to change ice speeds over annual or sub-annual periods, as was observed in the Byrd Glacier system, where the drainage of 1.7 km 3 of lake water has been linked to enhanced ice-flow rates (10%) that persisted for more than 1 year (Stearns and others, 2008) . Some studies of active lakes (Gray and others, 2005; Wingham and others, 2006) have found closed or partially closed lake-water systems, in which discharge from one lake fills other lakes downstream, while others (Stearns and others, 2008; Fricker and Scambos, 2009 ) have found lakewater systems that exchange water both between lakes and with the surrounding subglacial environment. The latter behavior allows the greatest potential for lakes to induce rapid changes in ice flow because lakes may add water to, or remove water from, the distributed water systems at the icebed interface that lubricate ice flow.
Although some (27) of the RES-identified lakes are located near or within enhanced flow features (Siegert and Bamber, 2000; Bell and others, 2007; Carter and others, 2007) , all are located upstream of outlet glaciers, and water draining from any of these lakes could lead to increased discharge from the continent into the ocean. The RES surveys that detected these lakes have not yet provided evidence to suggest whether they commonly drain and fill at annual to decadal timescales, as do the lakes on the Siple Coast, or whether they are a static part of the basal water system, with volume fluctuations detectable only over much longer timescales.
In this paper, we present the first comprehensive study of active lakes for the Antarctic ice sheet north of 868 S, based on 4.5 years (October 2003 -March 2008 of ICESat laser altimeter data. We analyze the full ICESat dataset over the Antarctic ice sheet to detect active subglacial lakes that are evolving at sub-decadal timescales and to estimate volume changes for each lake. These elevation changes are distinguished from other glacier-dynamic elevation changes by their small (2-10 km) spatial scale and their large (>20 cm a -1 ) rates of elevation change relative to the surrounding ice. Although the track spacing of ICESat's data precludes detailed analysis of some coastal fast-flow areas, our study provides the most comprehensive picture to date of active lake systems in Antarctica. It also provides some of the first information on the activity of the RES-detected lakes, and describes the water exchange rates between lake systems and their surroundings.
SURFACE ELEVATION DATA AND DATA CULLING
The surface elevation data used for this study come from the Geoscience Laser Altimeter System (GLAS) aboard NASA's ICESat. Processed ICESat data provide surface elevation profiles along ground tracks that repeatedly survey the same set of reference tracks two to three times per year, giving elevations for 30-70 m footprints every 170 m along track, with a spacing between adjacent reference tracks of~30 km in the northernmost parts of Antarctica to near zero at the 868 S turning latitude. The reference tracks are repeated with an accuracy of~150 m, and the horizontal location of the ICESat footprints is estimated with an accuracy of~10 m. Over ice sheets, ICESat data are provided as GLA12 records (H.J. Zwally and others, http://nsidc.org/data/gla12.html), which include the latitude, longitude and elevation of each geolocated footprint, as well as a set of parameters that describe characteristics of the returned pulse and the processing used to derive the elevations. These data were acquired during 13 separate campaigns, between August 2003 and March 2008, each lasting approximately 1 month (Table 1) . Low transmitted laser power degraded the data for the June 2004 (2c) campaign, and those data are not used in this study.
ICESat data need to be culled to remove surface-return data that are acquired when clouds are present between the satellite and the surface, because these reduce the accuracy of the derived surface elevations. Various methods have been adopted to do this, including a simple gain/energy filter (Fricker and Padman, 2006) and the introduction of a multiple scattering warning flag in the GLA12 records. We have developed an algorithm that culls the data based on the return waveform characteristics to remove cloudaffected data and to reduce the scatter in surface returns (Smith and others, 2005) . We use two main parameters as criteria to assess data quality: (1) the apparent surface reflectivity, and (2) the misfit between the received waveform and the Gaussian model fit to the waveform that is used by the ICESat processing algorithm to estimate the surface elevation. Our requirement is that the apparent reflectivity is >0.1, and the waveform misfit is <0.035 V. This gives a median absolute crossover difference of 0.05 m for flat surfaces, while retaining about 85% of all returns. Under the assumption that the individual shot errors are Gaussian-distributed, this implies a single-shot accuracy of 0.075 m for flat surfaces. For slopes greater than about 0.38, the crossover errors increase approximately linearly with the magnitude of the surface slope, reaching 0.2 m for 18 slopes. As a result, because surface slopes on the Antarctic ice sheet are generally <0.58, we expect that most errors are <0.1 m. Because cloud conditions are spatially correlated, data tend to be culled for long segments of a repeat pass, rather than one shot at a time. After data culling, for a given location on a reference track, up to 12 repeat measurements may be available.
METHODS
In this section, we describe how we derive lake volume changes from ICESat elevation data. We first estimate the elevation changes on the ICESat tracks, then interpolate the elevation changes between the tracks to derive a volume change estimate. 
Estimation of elevation change
After data culling, we divide each ICESat reference track into overlapping short (700 m) segments whose centers are separated by 500 m along-track, and we accumulate all the valid repeat data for each segment, which results in a rectangular strip 700 m along-track by~300 m across-track. For each strip, we estimate temporal patterns of elevation change by calculating the residuals to the plane that best fits the data. We simultaneously solve for the static component of the surface slope and the secular rate of elevation change. For each strip we fit the elevations, z, shot times, t, and return locations, x and y, with a planar model, z p :
Here m gives the estimated surface-slope vector, ½x, y h i is the mean of the footprint locations, z h i is the mean surface elevation, t 0 is a time close to the middle of the ICESat mission (1 December 2005) and @z=@t gives the secular rate of elevation change.
The residuals to this planar model, r ¼ z À z p , give footprint elevations corrected for the repeat-track separation, the static component of the surface slope, and the mean rate of elevation change. The elevation-change values for each pass, for each segment, are given by
Under this procedure, the slope estimates from Equation (1) have been corrected for the mean rate of elevation change, which is usually the largest component of elevation change, and otherwise would lead to errors in the slope estimate. The second term in Equation (2) adds the secular elevation change to the residuals to give the total elevation change. We found that this algorithm performs well in separating cross-track slope effects from true elevation change when there are at least six repeats of a given reference track. Consequently, we do not use tracks for which fewer than six repeats are available.
Identification of active lakes from elevation anomalies
We identify regions of large elevation-change anomaly by mapping the total range of dz for all ground tracks across Antarctica. For most parts of the ice sheet, dz values have a range 0.05-0.1 m, mostly due to ICESat instrumental errors. In most cases on grounded ice where the range is larger than this, the anomaly may be explained by six common causes:
1. In regions with rugged subglacial topography and in the dynamic topography associated with active ice streams, elevation errors may result from cross-track errors caused by large surface slopes, and from uncertainties in the geolocation of the ICESat footprints;
2. In crevassed regions, ICESat's 50-70 m footprint may sample both sagging snow bridges and wind-blown surface snow accumulating near crevasse openings, producing short-scale spatial scatter in elevation measurements. Both under-sampling of these variations and the advection of crevasses by ice motion may produce large local apparent elevation change;
3. In a few regions experiencing large rates of secular mass imbalance, notably the Kamb Ice Stream catchment and the Pine Island and Thwaites Glacier catchments, the elevation-change values show a large linear trend in time (Shepherd and Wingham, 2007);  4. In regions where there are large temporal variations in ice speed or basal friction, the dynamic topography on the surface can change even though the bed elevation is constant. In both cases, the predicted surface changes have a characteristic dipole shape, with local surface depression adjacent to local uplift (Gudmundsson, 2003; Sergienko and others, 2007) ;
5. On ice shelves, tidal displacements produce elevation changes with amplitudes of up to several meters near grounding lines (Fricker and Padman, 2006) ; 6. In a few cases, the data-culling process leaves some returns that have been strongly affected by forward scattering of laser light through clouds, producing anomalously low elevations.
For each region where elevation-change anomalies were observed, we considered whether they could be attributed to the six common causes above. If all could be ruled out, we interpreted the signals as due to 'active lakes', subglacial bodies of water either gaining or losing water (or both) over the ICESat observation period (Gray and others, 2005; Fricker and others, 2007) . As an example, we show elevation ranges for Academy Glacier ( Fig. 2 ; location shown in Fig. 1 (key in Table 2 )) and its upstream tributary region. This glacier enters Foundation Ice Stream, which then joins the Filchner Ice Shelf in West Antarctica. Large tidal displacements (cause 5) are visible on the ice shelf (dashed orange outline), and large apparent displacements (cause 1) are common where the surface slope exceeds about 18 (dashed green outline). In addition, there are 16 areas that show elevation ranges of 1-6 m (magenta outlines). Because they are not associated with surface slopes, tides or any of the other effects on the list above, we identify these as active lakes. For a region to be identified as an active lake, we adopt three criteria for its pattern of elevation-change anomaly. First, it must not easily be explainable by instrumental errors. This requires that the temporal pattern of elevation change be smooth, to be distinguished from instrumental noise. This implies that the ability to detect active lakes in cloudy coastal regions (e.g. the Amundsen Coast) is limited. Second, the anomaly must not be correlated with the temporal pattern of the across-track displacements of the repeat tracks. This implies that active lakes cannot be identified in tracks that have poor repeat-track geometry, such as when the tracks are acquired in a spatially progressive order (e.g. from left to right across the reference track). The final criterion is that an active lake must be measured on at least two different reference tracks, and the pattern of elevation change must be the same for each track. We classify lakes that are only identified on one track as 'provisionally active' lakes.
Estimation of lake volume change
ICESat-detected elevation-change anomalies across lakes have a smooth spatial variation along each ground track at each epoch. We therefore assume that a smooth spatial interpolant will produce a good estimate of the pattern of surface displacements for each lake, allowing us to combine multiple tracks crossing a lake to estimate the total volume displaced. To construct this interpolant for each anomalous region, we define a bounding polygon that encompasses all elevation-change anomalies greater than about 0.1 m found on all tracks across the lake. For all track segments within the bounding polygon, we construct a complete set of elevationchange values. For each track segment, we define a corrected elevation-change anomaly for each campaign as:
Here dz 0 gives the background elevation-change value for each reference track, T, for each campaign, c, defined as the median of the elevation-change values for all points outside the bounding polygon, but within 5 km of the lake boundary. This correction allows us to estimate water volume change in areas where the surface is changing rapidly due to ice-flux divergence (e.g. in the Kamb Ice Stream catchment), under the assumption that elevations within the polygon are changing due both to ice-flux divergence and to water motion, while elevations outside the polygon are changing only due to ice-flux divergence. others, 1999, 2006) and balance velocities (Bamber and others, 2008) . White outlines filled in magenta represent previously published lake locations: outlines are drawn for Vostok Subglacial Lake (Studinger and others, 2003) , the Recovery Glacier lakes (Bell and others, 2007) and active lakes mapped with radar altimetry in Adventure Trench (Wingham and others, 2006) and with interferometric synthetic aperture radar (InSAR) on Kamb Ice Stream (Gray and others, 2005) . Lakes mapped from airborne radar are represented by circles of diameter equal to the published lake length (Siegert and others, 2005; Carter and others, 2007; Popov and Masolov, 2007) . Green curves show approximate extent of streaming and tributary flow for selected glaciers; boxes correspond to insets in When data culling leaves gaps in the time series (i.e. missing campaigns) for a track segment, we fill in the missing values with the linear regression of the mean value within the polygon as a function campaign number, dz h iðcÞ, on the elevation series for that point, dzðx, y, cÞ. Because elevation changes for all points above any lake are usually in phase, this process produces elevation-change anomaly estimates that are smooth in both space and time. If fewer than half of the segments within the outline have valid data during a campaign, however, no surface estimate is generated for that campaign, leaving a gap in the timevolume history for that lake. For purposes of determining volume changes in this way, all elevation anomaly measurements from the same campaign are treated as if they took place at the same time, even through in reality the acquisition times may be up to 33 days apart.
We then select a gridded surface displacement estimate for each campaign, S (x,y,c) ,that minimizes a weighted misfit:
The first term minimizes the misfit between the displacement estimate and the data points, the second term ICESat tracks for which six or more valid repeats were found are shown in black, and tracks for which the total elevation range for all valid repeat passes exceeds 0.5 m are color-coded by the elevation range (color scale at right). Inferred lake boundaries are shown in magenta, ice-stream catchment boundaries are shown by dashed white curves and the area of relatively large surface slopes, over which ICESat elevation errors are expected to produce large residuals, is shown by a dashed green outline. Floating ice, where tidal displacements produce large displacements, are shown by a dashed orange outline. Background image is the MODIS (moderate-resolution imaging spectroradiometer) Mosaic of Antarctica (Scambos and others, 2007 constrains the displacement estimate to be close to zero on the bounding polygon, and the third term minimizes the curvature of the displacement estimate. A Lagrange multiplier, , determines the relative importance of the smoothness constraint and the misfit in determining the shape of the surface. A good choice of produces a data misfit approximately equal to the errors in the data. Although the optimal depends on the track geometry and the grid spacing, we have found that selecting ¼ n data /n grid , where n data is the number of track segments and n grid is the number of gridpoints, gives appropriate misfit values in most cases. This procedure may, for some track geometries, produce surfaces whose maxima or minima are located between reference tracks, which might produce spuriously large volume displacement estimates. To avoid this, we truncate the surface displacement estimate for each campaign at the maximum and the minimum of dz c for that campaign, at the cost of a bias towards smaller volume estimates. The volume displacement for each valid campaign calculated from our gridded displacement estimates is
where the integral is calculated within the bounding polygon. Only the relative volume displacement between two campaigns is meaningful, because the elevation-change anomaly values are constructed to have an average value of zero at 1 December 2005. Because we expect surfaceelevation changes due to bed-elevation changes to be smooth on a spatial scale of about three times the ice thicknesses (Gudmundsson, 2003) , we assume that a spatial sampling of one point every three ice thicknesses is sufficient to characterize the elevation change field. We describe the extent to which the ICESat track geometry falls short of this condition by the 'constraint ratio', the fraction of the area within each bounding polygon that falls within 1.5 ice thicknesses of a measurement point.
To estimate the errors in our volume-change estimates, we assume that the ICESat measurement errors are correlated for each pass, and that each measurement has a raw elevation error of 0.1 m. For a typical lake, with an area of 150 km 3 (corresponding to the median of the lakes we detected), crossed by three tracks, the error in the volume difference between any two campaigns is 0.012 km 3 or about 13% of the median volume range of 0.09 km 3 . This error is small compared to the interpolation error caused by the large gaps between tracks: The median number of tracks per lake for the confidently identified lakes is three, so the interpolation needed to derive the volume-displacement estimate is based on sparse data. While there is no simple way to assign a magnitude to this error, it does not seem unreasonable to estimate that the scale of the volume differences for any given lake could be incorrect by 50%, either because the spatial extent of the elevation-change anomaly was not accurately determined, or because the tracks did not adequately sample the spatial variations in the elevation change anomaly. This error is most likely to be in the absolute scale of the displacement estimates, because for each campaign the gridding process should produce a consistent ratio between the displacement magnitudes on the tracks and the volume displacement estimate, the magnitude of this ratio being determined by the track geometry.
Interpretation of volume changes
The interpretation of small-scale surface displacement to recover subglacial water movement is complicated by the fact that other subglacial processes can also result in surface deformation. This opens up the possibility that the surface elevation-change signals observed in ICESat are not solely due to subglacial water activity. Indeed, ice-flow models show that local changes both in basal friction and in basal topography can produce changes in surface elevation (Gudmundsson, 2003) . Although the modeled dipole shape of the surface expression of a local increase in basal shear stress is quite different from the surface expression of a local rise in basal topography (Gudmundsson, 2003; Sergienko and others, 2007) , when sampled by only one or two ICESat tracks, either shape could easily be misinterpreted as the surface expression associated with a subglacial lake. This is a limitation of the dataset that we cannot entirely avoid, and some skepticism is appropriate in interpreting results based on lakes that we have identified based on only one or two tracks. Fricker and others (2007) assumed that the volume of ice displaced at the surface equals the volume of water displaced at the bed. Detailed modeling of a lake drainage beneath the center of a fast-flowing ice stream (Sergienko and others, 2007) , however, showed that ice motion during and after the lake drainage can result in surface displacements as much as 60% smaller than the corresponding icesole displacement, and that surface motion continues for some years after the end of water movements at the bed. Their conclusion was that observed surface-volume change is a poor proxy for the volume of water displaced at the bed. This study, however, modeled flow for only a limited set of cases, and the character of their initial displacements differs substantially from those observed. Measured surface displacements are significantly gentler than the steep-sided depressions used in their model, so the diffusion of actual features due to ice flow should be far more moderate than that modeled. Furthermore, subglacial lakes appear to fill and drain over relatively short intervals, which further limits the influence of ice flow in volume estimates. Finally, the degree to which transient perturbations in basal topography and slipperiness express themselves in surface topography depends on the effective ice viscosity, which depends on temperature, ice crystal fabric and strain rates produced by regional ice flow. For these reasons, we continue to use the volume displacements observed at the surface as an indicator of change in water volume at the bed. Nonetheless, we recognize that ice flow may have some influence on the ICESat signals, potentially making the character of our results more qualitative than quantitative.
RESULTS AND DISCUSSION
Over the entire Antarctic ice sheet, we identified a total of 108 active lakes, and an additional 16 provisionally active lakes that were only detected on a single track ( Fig. 1) . In this section, we detail the analysis of two lakes, then describe the spatial distributions of all the lakes, the temporal patterns of water motion into and out of the lakes, and the implications for lake and ice-sheet dynamics.
Selected results for two areas of different spatial sampling
We present results of our entire procedure, from elevationchange anomaly mapping to interpolated elevation changes to volume estimation, for two regions that we selected based on their spatial sampling by ICESat. The first is well sampled spatially (Academy Glacier ( Fig. 2 ; Fig. 1 for location)) and the second is more poorly sampled (near Vostok Subglacial Lake (Fig. 3) ). These cases demonstrate the interpretive steps needed to obtain volume change estimates, and demonstrate how spatial sampling can affect our results.
Academy Glacier lakes (dense spatial sampling)
ICESat's coverage of Academy Glacier is relatively dense, with a maximum track spacing of~7 km, and the lakes shown in Figure 2 are sampled by 5-17 tracks each. In the tributary region, we detected a large active lake at 85.78 S, near the turning latitude of ICESat, which was crossed by 13 (Scambos and others, 2007) . The magenta outline shows the inferred boundary of an active lake; the dotted outline shows the perimeter of Vostok Subglacial Lake (Studinger and others, 2003 (Fricker and Scambos, 2009, their figs 2a and 3b) , where the ice is thin (<1 km) compared to the lake length (~30 km), the smooth 'Gaussian-like' spatial pattern of displacements seen here is typical of all the active lakes we detected, with displacements showing a distinct maximum and then tapering to zero at the edge of the lake over a distance of a few times the ice thickness. Figure 2 (bottom) shows the interpolated elevation changes for the Academy Glacier lake. There is close agreement between elevation-change values detected on different tracks, as can be seen in the smoothness of the gridded elevation values. The largest uplift is towards the southeastern side of the lake, and measurable uplifts are distributed over an area of 207 km 2 . The peak elevation values relative to the first campaign were -0.26 and 5.9 m, although because the peak uplift was confined to a small region, the largest mean displacements within the bounding polygon are much smaller, at -0.06 and 1.4 m. A plot of the volume displacements against time (middle right) shows that the lake filled steadily between October 2003 and March 2008, with a mean displacement rate of 0.13 km 3 a -1 .
Small lake near Vostok Subglacial Lake (coarse spatial sampling)
In contrast, Figure 3 shows the procedure for a small lake in East Antarctica, at 778 S, which was sampled by only two ICESat tracks. For this lake, the boundary was poorly defined by the elevation-change anomalies detected on the ground tracks, so the volume estimates are not as well constrained as for the Academy Glacier lake. The large elevation changes measured on track 196, the small elevation changes measured on track 309 and the lack of significant elevation changes on adjacent tracks suggest a lake boundary centered on track 196, and the simplest shape for this boundary is a circle, with an area of 67 km 2 . Our gridding algorithm gives a volume range of 0.02 km 3 . Because the tracks sample the lake so poorly, we do not know whether this is an overestimate or an underestimate of the lake volume displacement. It is possible that the true shape of the lake was elongated parallel to track 196, and that we have overestimated its area, but because measurable displacements extend as far as track 309, it seems likely that the lake is elongated perpendicular to track 196, and the circular boundary underestimates its area. For simplicity, we retain the circular boundary.
To demonstrate the difference in character between elevation-change anomalies that arises from lake displacements and those due to instrumental errors, we also show a profile of elevation changes across a region of high surface roughness (profile EF, track 1297) where the elevationchange anomalies show large scatter, but no coherent pattern as a function of space and time. Figure 1 shows the locations of the active lakes found in Antarctica, as well as the locations of RES-located lakes, all superimposed on a map of the ice surface speed. Each active lake is represented by a dot, color-coded by the range in volume for that lake. Table 3 summarizes the 31 largest lakes, all of which had volume ranges greater than 0.2 km 3 . These lakes make up more than 80% of the cumulative volume displacement for the entire set of 124 active and provisionally active lakes. The distribution of lake-volume changes is such that the cumulative volume change due to the largest lakes is much larger than that of the smallest. The largest volume change was from a lake in George V Land, East Antarctica, which drained 2. (Stearns and others, 2008) . The remaining lakes are included in Figures 1 and 4 -6, and are described in the Appendix (Table 4) .
Distribution of active lakes
With a few exceptions, active lakes are located in regions of fast ice flow, either in ice-stream outlet or in the tributary regions feeding them (Fig. 1) . Ice velocities are well constrained by satellite synthetic aperture radar (SAR) measurements in the Siple Coast region and in the Filchner Ice Shelf drainage others, 1999, 2006) . In these regions, all observed lakes are within ice-stream or tributary regions (Figs 1 and 4) . The association between ice velocity and lake locations is less clear in Victoria Land, George V Land and Wilkes Land, because the ice velocity in these regions is not well known. Most lakes, however, are clustered within 200 km of major outlet glaciers, in areas where balance-velocity maps (Bamber and others, 2008) suggest that there may be enhanced ice flow comparable to the tributary regions of West Antarctica. This pattern probably reflects the melting basal conditions common beneath fast-flowing ice (Bentley and others, 1998; Studinger and others, 2001) , which supplies water to refill drained lakes and allows more efficient water transport than would freezing basal conditions.
On theoretical grounds, Bindschadler and Choi (2007) predicted that lakes should be concentrated in ice-stream tributaries because the ice surface texture created by bed roughness in the tributary region often creates pockets in the basal hydrologic potential that can trap water. A second prediction was that in ice-stream trunks, the higher sliding velocity produces surface topography that creates fewer, shallower pockets, and thus traps less water. The latter prediction is not well supported by our observations, as lakes are common in some ice-stream trunks as well. Because lakes are small, with typical widths less than 20 km, and are found in areas with relatively strong surface texture (i.e. surface undulations on horizontal scales of 10 km or less), there is rarely an identifiable surface elevation signature marking the lake location. This is in contrast to Vostok Subglacial Lake and to the lakes at the head of Recovery Glacier (Bell and others, 2007) , probably because of the small size of the active lakes. Only a few of the lakes with the largest areas (e.g. the lake profiled in Fig. 2 ) are marked by flat surfaces that imply that the ice is in Table 3 . Parameters for the 31 largest-displacement lakes. Columns give (1) subglacial lake names corresponding to the glacier or area in which the lakes are found, numbered by distance from the grounding line; (2) the number of ICESat tracks used to derive the volume-change estimates; (3) the constraint ratio (equal to the fraction of the area within the bounding polygon that is less than 1.5 times the ice thickness from the nearest track); (4) the surface velocity from interferometric synthetic aperture radar (InSAR) where known (Joughin and others, 1999) , or otherwise based on balance velocity (Bamber and others, 2008) (balance velocities are given in square brackets); (5) ice thickness, H, from the BEDMAP database (Lythe and others, 2001 ); (6) month and year (+2000) for start and end times of each interval of drainage or filling; and (7) (Fig. 4, inset C) . The downstream trunk of the ice stream was actively streaming until its sudden stagnation in the mid-19th century (Retzlaff and Bentley, 1993; Smith and others, 2002) , while the tributary region continues to move at speeds comparable to those of adjacent ice-stream tributaries (Price and others, 2001 ). We only identified one active lake on the stagnant Kamb trunk (KT 1 ), compared to the twelve lakes (K 1 -K 12 ) found in the tributary region and in a tributary-like region of adjacent Raymond Ridge (RR 1 ). Observations of bed and surface topography show that meltwater generated in the Kamb Ice Stream tributary region flows mostly into Whillans Ice Stream (Anandakrishnan and Alley, 1997), and that thin ice and low flow velocities have produced freezing conditions in the Kamb trunk (Bougamont and others, 2003b ). This suggests that the basal meltwater generated beneath the tributaries (Joughin and others, 2004a ) is available locally to refill drained lakes on the tributary, but not in the trunk.
We have also identified active lakes in East Antarctica, where they are common in the lower catchments of the outlet glaciers draining through the Transantarctic Mountains. There are fifteen active lakes upstream of Byrd Glacier (Fig. 4) , one upstream of Mulock Glacier (Fig. 1) , one upstream of Lennox-King Glacier (Fig. 1) and a cluster of six on David Glacier (Fig. 4, inset F) . We found three additional active lakes in the upper catchments of Ninnis and Totten Glaciers (Fig. 1, lower right quadrant) , and one located in the main trunk of Lambert Glacier about 100 km upstream of the Amery Ice Shelf grounding line. Except for glaciers draining west into the Filchner Ice Shelf, there is no evidence of lake activity in Dronning Maud Land or Enderby Land, which together include about one-third of the Antarctic coastline. The bed in this region is generally above sea level, suggesting that the ice sole is not covered by marine sediments, and modeling (Llubes and others, 2006) suggests that basal temperatures are commonly below freezing point. In this area, the surface slope is relatively high compared to Victoria Land, George V Land and West Antarctica, and tributary flow is confined to within a few hundred kilometers of the coast. The higher surface slope makes trapping water more difficult, and the smaller extent of streaming flow reduces the area over which water can collect to resupply lakes.
Completeness of the inventory, accuracy of volume changes
We have no doubt that the inventory of active lakes is incomplete, likely missing many lakes in the northern regions of Antarctica where the ICESat track spacing is greatest. It is only in the southern part of ICESat's coverage area that the absence of detected lakes is strong evidence for the absence of active lakes. The ICESat reference tracks and lake outlines shown in Figure 4 give examples of the relative sizes of lakes and the gaps between ground tracks; the most unfavorable example shown (David Glacier (Fig. 4, inset F) ) has about half the track-to-track spacing that is seen in northern parts of Antarctica. The scatter plot in Figure 5 shows the distribution of measured lake sizes, compared with the track-to-track spacing. To allow comparison with the track spacing, we parameterize the lake size as the diameter of a circle with the same area as the lake. The median lake size is 13 km, which equals the track spacing at 808 S. This means that tracks are increasingly unlikely to encounter lakes at latitudes north of this, and that the smaller lakes found farther to the north are likely to be poorly sampled. The histograms in Figure 5 show the latitudes at which we detected lakes, compared with the latitudinal distribution of Antarctica's grounded ice. If lakes were uniformly distributed across Antarctica, we would expect to see a distribution of lakes with latitude roughly matching the area distribution of grounded ice; instead we see that although 70% of our lakes are located south of 808 S, this region encompasses less than a third of Antarctica's grounded area (Lythe and others, 2001 ). This may reflect the true distribution of lakes on the continent, but it is also easily explained by a geographic bias in our lake locations towards regions densely sampled by ICESat.
A second source of geographic bias in the lake locations comes from spatial variations in cloud cover and ice surface topography. In the East Antarctic interior, where surface slopes are small, surface velocity is low and heavy cloud cover is relatively rare, we attribute most apparent surface elevation change anomalies to active lakes. In regions with steeper surface topography, higher ice velocities and more cloud cover, however, spurious apparent elevation changes are more common (causes 1, 4 and 6, respectively, of section 3.2). For this reason, the fact that we have detected no lakes on, for example, the Amundsen Coast of West Antarctica, does not imply that there are none, although it suggests strongly that large active lakes are not common in this area.
The accuracy of our estimated volume ranges depends on the location and size of the lake in relation to the ICESat tracks that detected the elevation anomalies. One example of this is a large lake that we identified in the lower part of David Glacier, East Antarctica (Fig. 4, inset F) . Based on an outline that encompasses a cluster of in-phase elevation changes, D 1 gained about 1.1 km 3 between November 2003 and March 2008. Because only three ICESat tracks cross this lake, however, it is possible that the measured elevation changes reflect two or even three smaller lakes that all showed similar temporal patterns of elevation change. Were this true, the combined inferred volume gain of the two or three lakes would be considerably smaller, because their inferred surface area would be considerably smaller than that of the boundary that we interpreted for a single lake.
Temporal patterns of water motion
Estimated volume displacement rates for each lake varied widely (Fig. 6 ). Median per-lake peak volume displacement rates are on the order of 1 m 3 s -1 , although the highest rates were on the order of 100 times this. The smaller rates (<10 m 3 s -1 ) are within the range that may be accommodated by channels incised in subglacial till (Walder and Fowler, 1994) , which, in regions of low surface slope where till is present at the bed, are expected to be the dominant mechanism of drainage. In such regions, discharge rates on the order of 100 m 3 s -1 require effective pressures very close to zero (Walder and Fowler, 1994) , which suggests that the largest water motions may strongly, if temporarily, increase basal lubrication.
Many lakes appear to show continuous drainage or filling for 3 or 4 years, much longer than is observed in subpolar outburst floods such as jö kulhlaups (Ng and others, 2007) . Although the time resolution of our measurements is coarse, and the filling and drainage of the lakes could take place by short episodes of rapid flow, we interpret these data as reflecting steady, rather than episodic, changes. Measurements with higher temporal resolution than ICESat's are required to disprove this interpretation. Analysis of the Adventure Trench flood (Carter and others, 2009 ) showed that subglacial conduits should take months to years to open to full capacity, given the low gradients in hydraulic potential in an ice sheet compared with the relatively steep hydraulic gradients found in subpolar subglacial water systems. A similar conclusion was reached in the analysis of a possible subglacial flood from Vostok Subglacial Lake (Evatt and others, 2006) . Likewise, some of the more rapid events, including the Byrd drainage, appear to occur in areas where the surface slope and the resulting hydraulic gradient are relatively steep.
Over the measurement period, 2003-08, net lake fillings were approximately as common as net lake drainages, with 51% of lakes showing a net water gain. So that we can compare lake draining and filling events between lakes, even though total lake displacements vary by more than two orders of magnitude, we compute a normalized drainage and filling rate for each:
This rate (a -1 ) gives the displacement rate between subsequent observations of the lake volume, normalized by the total volume range for that lake. Figure 6c and d show maximum normalized filling and draining rates, respectively, for all lakes. On average, drainage rates were faster than filling rates: the median peak normalized drainage rate was 67% a -1 , while the median peak normalized filling rate was 48% a -1 . This observation is consistent with a model for subglacial lake filling and drainage proposed by Pattyn (2008) , in which lakes passively accumulate water from an upstream source, gradually lifting the ice above the lake until the hydrologic potential of the lake surface exceeds the hydrologic potential at the lake outlet such that a selfenlarging conduit can begin to drain the lake.
Spatio-temporal patterns of water motion: evidence for lake linkage
Water motion in subglacial water systems may reflect water exchanges among lakes or water motion between lakes and an independent water system, such as distributed channels or cavities. No evidence constrains the possible length of channels linking lakes, and it is possible that lakes separated by hundreds of kilometers may show linked behavior. Indeed, previous studies of subglacial lakes (Gray and others, 2005; Wingham and others, 2006; Fricker and Scambos, 2009 ) have concluded that subglacial lakes are hydrologically linked, especially when the surface displacements for adjacent lakes suggested draining upstream and filling downstream. Collectively, however, these three studies observed only 14 active lakes, which allows the possibility that the apparent linkages they observed were coincidental. With our set of 124 active lakes throughout Antarctica, we are able to examine linkages more definitively. We found that different glacier systems exhibit varying degrees of linkages. As examples, three glacier catchments in the Filchner-Ronne region showed evidence of different lake linkage regimes: (1) Academy Glacier shows no apparent linkage between lakes; (2) Slessor Glacier shows apparent linkage between closely adjacent lakes; and (3) Recovery Glacier appears to show close linkage between lakes separated by hundreds of kilometers. We describe these three cases in more detail below, as well as some other systems around Antarctica that show less easily categorized patterns of lake-to-lake linkage. It is important to keep in mind that the results in this section are derived from gridded elevation displacements interpolated between sometimes widely spaced elevation anomaly measurements (section 3.3). These volume estimates have large (perhaps 50%) uncertainties, and there is a second, potentially larger, uncertainty in estimating water-volume changes at the bed from surface volume changes (section 3.4). The patterns of water motion discussed here are likely to be more meaningful than the total water balance of any glacier's lakes.
Academy Glacier: no apparent linkage
The 16 active lakes we found beneath Academy Glacier (inset B of Figs 1 and 4) showed little correlation between activity cycles for adjacent lakes (Fig. 7) . Two large lakes, A 5 and A 12 , filled steadily throughout the study period, with volume ranges of 0.35 and 0.51 km 3 respectively, and dominate the water budget. Others displayed a wide range of behavior, with some lakes filling or draining steadily, while others showed sudden changes of only 1-2 years duration (e.g. A 9 -A 11 , A 13 ). There is no clear correlation between the inferred volume changes for these lakes, and adjacent lakes are about equally likely to have correlated or uncorrelated activity. Because the three largest lakes in the system all gained water, Academy Glacier as a whole had a net gain of 0.6 km 3 between February 2004 and May 2006, when the drainage of lakes A 4 and A 9 began to counterbalance the gains in the larger lakes. Figure 8 shows the pattern of volume change for the six lakes found beneath Slessor Glacier (Fig. 4, inset A) . Similar to Academy Glacier, three large lakes, S 1 , S 2 and S 4 , dominate the water balance. Because the larger two of these lakes filled during most of the measurement period, the total water balance for the ice stream was a net increase in storage by 0.94 km 3 . The Slessor Glacier lakes have the unusual property that two pairs appear to be linked, S 2 with S 3 and S 4 with S 5 . Lakes in these pairs were immediately adjacent to one another, and the upstream lakes showed small drainages early in the ICESat period, while the downstream lakes filled steadily over the ICESat period. This pattern may reflect a transfer of water from the upstream lake to the downstream lake, perhaps simultaneously with a transfer of water from a distributed water system into S 2 and S 4 . An alternative interpretation of this pattern is that increasing lubrication at the downstream lake caused a local acceleration of ice flow, leading to thinning upstream, as the spatial pattern of elevation change is similar to that expected for an ice-stream response to a change in basal lubrication (Sergienko and others, 2007) . Because the upstream and downstream motions are of substantially different magnitude, it seems unlikely that lubrication changes alone could have produced this pattern of elevation change, and more likely that water motion played a role in the surface-elevation changes. Figure 9 shows similar plots for Recovery Glacier (Fig. 4 , inset A). As with Academy and Slessor Glaciers, the water balance was dominated by three large lakes (R 1 , R 3 and R 7 ). Unlike those on the other two glaciers, however, the Recovery lakes show a spatial gradient in the lake water balances such that the lakes upstream of~500 km from the grounding line (R 7 -R 10 ) each had net drainage, while the lakes downstream of~500 km (R 1 -R 6 ) had net filling, with the exception of R 4 , at 275 km, which drained. Together, the upstream lakes drained~3.0 km 3 of water, while the downstream lakes filled by~3.1 km 3 . Because the drainage of the upstream lakes matched the filling of the downstream lakes, on a campaign-by-campaign basis, the total water budget of the ice stream varied by only 0.85 km 3 . Recovery Glacier is unusual in that large lakes have been located upstream of the active lakes (Bell and others, 2007 ) that might resupply some of the water that flowed from the lakes. Because these lakes have surface areas on the order of 6 Â 10 3 km 2 , they could refill the 3 km 3 gained by upper Recovery Glacier lakes without a detectable change in their own surface elevation.
Slessor Glacier: partial linkage

Recovery Glacier: direct linkage
Other hydrologic systems: varying degrees of linkage
Other glacier catchments show behavior intermediate between the extremes represented by Academy Glacier and Recovery Glacier. In the Byrd Glacier catchment (Fig. 4 , inset E), which contains two large lakes (By 1 and By 2 ) and fourteen small lakes (B s1 -B s14 ), the large lakes appear to be linked to an external water source: By 2 filled steadily from November 2003 until November 2005, gaining 1.7 km 3 ( Fig. 10) . It then drained until November 2006, losing 1.6 km 3 , and refilled by 0.9 km 3 between May and October 2007. By 1 , which is slightly downstream of By 2 , showed a very similar pattern of displacements, delayed by about 6 months, suggesting that a traveling pulse of water reached By 2 first, then moved downstream into By 1 . The smaller lakes in the catchment showed no strong evidence of influence from this process, showing instead a spatial division: lakes downstream of lake B s8 drained continually, while lake B s8 and all lakes upstream of it gained water steadily. Evidence presented elsewhere (Stearns and others, 2008) suggests that the water draining from these lakes flowed under the trunk of Byrd Glacier, producing a drop in basal resistance and an acceleration by about 10%.
The lakes in the lower catchment of David Glacier ( Fig. 1;  Fig. 4 , inset F) showed a pattern of activity similar (Fig. 11) to that of the Byrd lakes, with lake D 3 draining until mid-2006, then refilling slightly, lake D 2 draining until mid-to late 2006, and lake D1 filling throughout the mission. The volumes of these lakes are not well defined by the tracks, Fig. 9 . Time series of volume displacements for ten lakes beneath Recovery Glacier (R 1 -R 10 ; Figs 1 and 4 for lake locations) . Total displacements are divided into subtotals for lakes R 7 -R 10 (blue dashed curve) and lakes R1-R 6 (green curve); whole glacier total shown in gray. Fig. 8 . Time series of volume displacements for seven lakes beneath Slessor Glacier (S 1 -S 7 ; Figs 1 and 4 for lake locations). Right plot is a time series of the total cumulative displacements for these seven lakes. Because S 2 and S 3 are adjacent, and S 4 and S 5 are adjacent, they are shown on the same axes, with the upstream member of the pair plotted in black.
and we cannot make robust inferences about the water balance of the system, but it is possible that the observed elevation changes show D 3 and D 2 draining into D 1 , with D 3 running out of water shortly before D 2 . No velocity measurements are available to show whether this water changed the speed of David Glacier.
Two lakes in George V Land, East Antarctica, in the eastern catchment of the Cook Ice Shelf (Fig. 1, bottom  center) , showed an apparent linkage similar to the two large lakes in the Byrd catchment. Just below the flow divide separating the Ross Sea drainage from the Pacific drainage, one lake, Cook E2 , discharged 2.7 km 3 of water between November 2006 and March 2008 (Fig. 12 ). This estimate is based on only two tracks, track 277 and track 1325, so the spatial pattern of volume loss is poorly constrained. The temporal pattern and elevation-change magnitude however, This lake was sampled by just one track, and the calculated 0.22 km 3 volume gain was much smaller than the volume lost by Cook E2 , but the timing of the activity on the two lakes suggests that water moved rapidly downstream from Cook E2 to Cook E1 starting in late 2006.
A small cluster of five lakes near the southern limit of coverage on the East Antarctic plateau (Fig. 4, inset D) , E 1 , E 2 , E 3 , E 5 and E 6 , showed a progressive drainage pattern (Fig. 12) . E 6 , the upstream-most lake, drained throughout the mission, E 5 and E 3 began draining simultaneously in late 2004, while E 1 and E 2 began draining 1 year later, in late 2005. Although this pattern suggests a downstream-propagating pulse of water pressure at the bed, E 4 , which is directly between E 3 and E 5 , filled steadily between 2004 and late 2008 and does not fit the same pattern. Because of their small areas and displacements, these lakes would not have been detected if they were even a few degrees farther north, so their detection is somewhat fortuitous; however, the remainder of the plateau close to 868 S shows no significant activity outside the Academy Glacier basin, despite comparably dense sampling.
Finally, the interconnections between the cluster of lakes in the tributary region of Kamb Ice Stream, West Antarctica ( Fig. 13; Fig. 4, inset C held steady and K 11 filled. This may represent a hydrologic change at K 12 that has not yet propagated downstream to K 10 and K 11 , or the relationship between these three lakes may be coincidental. The lower lakes in the Kamb catchment (K 1 -K 9 ) do not show any easily interpretable pattern of changes.
Duration of lake activity
Prior to the ICESat mission, active lakes had been identified in the catchments of Kamb and Whillans Ice Streams on the Siple Coast (Gray and others, 2005) , and beneath the East Antarctic plateau (Wingham and others, 2006) . We reexamined both of these systems using ICESat to find that evidence of previously measured activity was part of a longer-term process, rather than a one-time event in a transiently active system. Two lakes in the Siple Coast region that were previously identified in interferometric radar records from 1997 are still active: lake Kamb 10 , which filled between November 2003 and November 2006, matches the location of a lake that was draining when observed in 1997; and lake Bindschadler 5 , which filled steadily throughout the ICESat mission, matches a pair of lakes, one that was draining in 1997, and one that was filling (Figs 4 and 13 for lake locations and volume histories).
In the Adventure Trench area of the East Antarctic plateau, one lake, EAP 9 , was close to the location of an active lake system measured by satellite radar altimetry, where surface motions suggested the drainage of an upstream lake into three downstream lakes between late 1996 and early 1998 (Wingham and others, 2006) . The center of EAP 9 was 20 km from the center of the nearest of the 1996-98 locations, an area that inflated in 1996-98. Because the distance between this lake and the 1996-98 lakes is only a few times larger than the 2-3 km footprint of the radar altimeter, this location difference may not be significant. None of the other areas that changed in 1996-98 were observed to change during the ICESat period, suggesting that the remainder of the water system in this area was inactive between 2003 and 2008. 
Activity of RES-identified lakes
Prior to this study, over 280 lakes had been located by RES surveys ( Popov and Masolov, 2007; Fig. 1) . A particularly large concentration of lakes was found beneath the flanks of Dome C, East Antarctica, in the so-called 'Lakes District' (Siegert and others, 2005) , and modeling based on balancevelocity estimates and geothermal heat-flux estimates from sparse geological information suggests the bed temperature is above the melting point over most of the area between 908 E and 1808 E (Llubes and others, 2006) . The only lakes for which rates of exchange of water with the surrounding ice sheet have been investigated in detail are the largest of these: Vostok Subglacial Lake and Lake Concordia in East Antarctica. RES (Bell and others, 2002) and isotopic (JeanBaptiste and others, 2001) measurements suggest small exchange rates for Vostok Subglacial Lake by basal freezing and melting, with water residence times in the lake on the order of 10 4 -10 5 years, and radar observations around Lake Concordia (Tikku and others, 2005) suggest similar residence times. For the purposes of this paper, these lakes are considered inactive, as they do not exchange large fractions of their volume on annual timescales.
The lakes found by RES surveys are generally small compared to the ICESat track spacing, and the published description of their location does not let us determine with certainty whether their locations have been sampled by ICESat. The RES surveys, which cover much of Antarctica, were conducted on 50 km grids (Siegert and others, 2005) , suffer similar spatial sampling problems to the ICESat survey, and the ICESat survey should have encountered a random sample of lakes comparable in number to the RES surveys. Therefore, we take the absence of detected active lakes as evidence that most of the lakes in the Lakes District are not undergoing rapid changes, and that the water system around E 9 is exceptional in its level of activity. Evidence for complex subglacial hydrologic networks in the Lakes District extending several hundred kilometers has come from satellite radar altimetry analysis (Rémy and Legrésy, 2004) , suggesting a pathway for water motion in this area; our study suggests that this network did not transport large, short-term water pulses during the 2003-08 observation interval.
The only active lake that was close to a lake identified by radar surveys was Vostok 1 (Figs 1 and 3 ), located about 10 km from the northeastern boundary of Vostok Subglacial Lake, and less than 5 km from a cluster of small lakes (Popov and Masolov, 2007) . The gridded displacements over the ICESat period give a peak displacement rate of -0.007 km 3 a -1 and a mean rate of -0.004 km 3 a -1 . As discussed earlier, the boundary for this lake is not well enough defined to give accurate volume estimates, but if this mean rate represents a long-term average drainage rate from Vostok Subglacial Lake, water flow through this lake amounts to about 2.5% of Vostok Subglacial Lake's estimated 0.15 km 3 a -1 water exchange with the ice sheet (Bell and others, 2002 ) through melt and freeze-on at the lake-ice interface. This type of connection between subglacial water systems and Vostok Subglacial Lake may help to explain the difference between the relatively long residence time inferred from internal layer geometry (13 ka (Bell and others, 2002) ) and from models of ice-water exchanges that assume a closed system (32-55 ka (Studinger and others, 2004; Thoma and others, 2008) ), and the shorter residence times (5 ka) inferred from helium isotope ratios in the frozen-on lake water (Jean-Baptiste and others, 2001). The lakes known from RES surveys within 50 km of the Vostok Subglacial Lake shore (Popov and Masolov, 2007) did not appear to be active, but as they are small (2-4 km wide) it is likely that most were not sampled well by ICESat tracks and may also contribute to water exchanges with the lake.
Including the lakes discovered in this study, only five active lakes have been found in areas near ice divides: four near the Adventure Trench that were active between 1996 and 1998 (Wingham and others, 2006) , and for which we observed continuing activity between 2003 and 2008 (i.e. E 9 ) , and lake Cook E2 . The lack of active lakes near ice divides likely reflects the limited availability of water to refill drained lakes in these areas. Their location near the ice-flow divide (assumed to match the hydrologic divide) limits the area from which they can collect water, and basal sliding is generally small or absent in divide regions, so the only heat available to generate meltwater is geothermal, producing repeat intervals for drainage sufficiently long that the 4.5 year ICESat survey only encountered two such lakes in an active phase. For comparison, in tributary and ice-stream regions, sliding at the bed supplies more than an order of magnitude more heat than geothermal heat flux others, 2004b, 2006) .
Effects of active lakes on ice dynamics
Our observations of active lakes suggest they are potentially important to both the short-term and long-term glacier flow patterns. However, so far there has only been one direct connection found between changes in ice-flow rates and lake activity, on Byrd Glacier where lake drainage led to a temporary speed-up of the glacier trunk (Stearns and others, 2008) . We believe the reason for the lack of information linking lake activity and ice dynamics is primarily because there are few repeat velocity measurements available during the ICESat period (2003-08), and not because such links do not exist.
Active lakes may affect ice dynamics and potentially icedischarge rates, both by perturbing the basal shear stress at the lake and by modifying the basal water system of the glacier. A lake exerts no basal shear stress on a glacier, so if a lake drains completely, the basal shear stress on the glacier will increase, leading to a decreased surface velocity. We have no evidence as to whether the lakes we observe ever drain completely, so we cannot determine whether they can influence ice dynamics in this way.
Even without draining completely, however, lakes can alter local discharge rates by adding water to or withdrawing water from the basal lubrication system in the glacier around them. In this case, a lake drainage would imply an increase in basal lubrication and a speed-up of the glacier, as was observed on Byrd Glacier (Stearns and others, 2008) . Alternatively, lakes may act as sinks collecting water generated by melt over large areas, that then drains through isolated pathways to the ocean which, over longer periods, would reduce the mean lubrication over large areas of active ice streams. The sensitivity of a glacier to its subglacial lakes depends strongly on the nature of the ice-bed contact and on the spatial extent to which water is distributed across the ice-bed interface.
The slow drainage and filling rates observed in most lakes (section 4.4; Fig. 6 ) suggest that distributed channel systems in till may be important in most lake activity, but the larger events, including the Byrd lake drainage we know to have affected ice-discharge rates, are unlikely to have been accommodated only by channels in till. There may also be an asymmetry between the mechanisms for lake filling and lake drainage, with the lakes more often filling with water from distributed water systems, and more often draining into other lakes or into isolated pathways that connect to the ocean.
Where meltwater production has been estimated others, 2004b, 2006) , annual production is of the same order of magnitude as the water fluxes into and out of the lakes observed in the 2003-08 time window (Fricker and others, 2007) . This suggests these lakes have a strong influence on the basal water storage. The sign of the lakes' contribution varies from glacier to glacier, and we do not know whether this level of activity is typical of these lakes, but it seems possible that much of the water produced in these glaciers refills lakes, and that when these lakes drain, the water either flows to the ocean or into other downstream lakes. This would suggest that in these glaciers the active lakes are an important mechanism by which subglacial water is channeled to the ocean (Fricker and Scambos, 2009) .
Whatever the uncertainties that remain as to the mechanisms of water transport beneath the ice sheet, our results show that theories of subglacial till and water systems that rely on a closed hydrologic system (e.g. Tulaczyk and others, 2000) , where lubricating water must be supplied by local melt, and meltwater is locally available for lubrication, may overstate the short-term coupling between local melt and freeze rates and sliding. This is because where active lakes are present they may, at any time, add or remove water from the distributed basal hydrologic system. It is also possible that multiple subglacial water systems may coexist, some that are semi-permanent and are adapted to small flux rates and fed by slow rates of melt, and others that are established rapidly during drainage events. The 'slower' systems may leak into the lakes, contributing to lake filling.
CONCLUSIONS
We have presented a complete analysis of ICESat laser altimeter data between 2003 and 2008 that has identified 124 active subglacial lakes in Antarctica. The ICESat data show that active subglacial lakes are common throughout coastal Antarctica and are present in most of the largest drainage systems, which have the largest potential impacts on sea-level rise. Continuous monitoring of lakes should help in predictions of outlet glacier flow rates. The lakes observed in ice-penetrating radar surveys (Siegert and others, 2005) appear to be generally inactive, suggesting that the detection of subglacial lakes beneath a glacier does not necessarily imply a potential for basal-water-driven mass-balance changes. The active lake systems observed prior to ICESat (Gray and others, 2005; Wingham and others, 2006) are associated with continued elevation changes, suggesting that water systems may evolve over periods on the order of a decade or more.
The association between lake locations and ice-stream and tributary flow reflects the contrast in basal conditions between fast-flow areas and the surrounding ice sheet. In ice streams the two are linked by the availability of frictional heat to produce meltwater, and in the tributary region they may also be linked by the surface expression of basal topography and its influence on the hydrologic potential. Subglacial lakes are common in the catchments for the glaciers draining through the Transantarctic Mountains into the Ross Ice Shelf (Siegert and others, 2005) , which implies that at least in some places, ice at the bed is melting, and basal melt from geothermal heating may funnel into the region near the outlets, allowing for an active water system.
Our data show that short-term changes in basal hydrologic systems are common throughout Antarctica. In most catchments, the lakes appear to exchange water with reservoirs undetectable by ICESat. This implies that in many parts of the ice sheet, water is available, both to the lakes, and from the lakes to the surrounding basal system, on annual and shorter timescales in volumes on the order of 0.1-1 km 3 . In a few cases, notably Recovery Glacier, large upstream reservoirs are known that might resupply some of the water (Bell and others, 2007) moving through the lake system, but in most other glaciers there is no known reservoir that could provide large quantities of water to refill drained lakes. In these, distributed sources of water such as linked cavities, distributed over a few thousand square kilometers, could supply a similar amount of water without producing surface-elevation changes detectable with ICESat data. This exchange may provide a mechanism for lakes to inject or withdraw water into systems that directly modify the basal shear stress of the glaciers. The widespread association of lakes with the ice streams most important to the ice sheet's mass balance, and their ability to quickly change the subglacial hydrological regime demonstrates that improvements in our understanding of subglacial hydrology are critical in understanding temporal changes in glacier flow and their contribution to sea-level change. Table 4 . Parameters for all lakes discussed in this paper. The columns give the lake name and number, the number of tracks crossing each lake, the constraint ratio as defined in section 3.3, the latitude and longitude of the center of the lake, and, for each time period during which the lake's volume changed, the start and the end of the period (month/year +2000) and the magnitude of the volume change 
